We show that the mass-radius (M − R) relation corresponding to the stiffest equation of state (EOS) does not provide the necessary and sufficient condition of dynamical stability for the equilibrium configurations, since such configurations can not satisfy the 'compatibility criterion'. In this connection, we construct sequences composed of core-envelope models such that, like the stiffest EOS, each member of these sequences satisfy the extreme case of causality condition, v = c = 1, at the centre. We, thereafter, show that the M −R relation corresponding to the said core-envelope model sequences can provide the necessary and sufficient condition of dynamical stability only when the 'compatibility criterion' for these sequences is 'appropriately' satisfied. However, the fulfillment of 'compatibility criterion' can remain satisfied even when the M − R relation does not provide the necessary and sufficient condition of dynamical stability for the equilibrium configurations. In continuation to the results of previous study, these results explicitly show that the 'compatibility criterion' independently provides, in general, the necessary and sufficient condition of hydrostatic equilibrium for any regular sequence. Beside its fundamental feature, this study can also explain simultaneously, both (the higher as well as lower) values of the glitch healing parameter observed for the Crab and the Vela-like pulsars respectively, on the basis of starquake model of glitch generation.
INTRODUCTION
Characteristics of the super-dense objects like neutron stars (NSs) are based on the calculations of the EOS for the matter at very high densities. However, the nuclear interactions beyond the density of ∼ 10 14 g cm −3 are empirically not well known (Dolan 1992 ) and the all known EOSs are only extrapolations of the empirical results far beyond this density range. In this regard, various EOSs based on theoretical manipulations are available in the literature (Arnett & Bowers 1977) . Since the status of EOS of nuclear matter cannot be established empirically beyond a certain density range, one can apply physical constraints to obtain an upper bound of neutron star mass. Brecher and Caporaso (1976) assumed that the speed of sound in the nuclear matter equals the speed of light and obtained a value of 4.8M⊙ as an upper limit of the neutron star masses. However, the matter described by this stiffest EOS, (dP/dE) = 1 (geometrized units) or P = (E − Es) [where P is the pressure, E is the ⋆ E-mail: negi@aries.ernet.in; psnegi nainital@yahoo.com energy-density and Es = 2 × 10 14 g cm −3 represents the surface density] has a super-dense self-bound state at the surface of the configuration where the pressure is vanishingly small, which represent the 'abnormal state of matter' (Lee 1975; Haensel & Zdunik 1989) . This 'abnormality' may be specified as -(i) the pressure vanishes at the average nuclear densities, and (ii) the speed of sound is equal to that of light even when the pressure is vanishing small. This 'abnormality' can be removed if we ensure continuity of pressure, density and both of the metric parameters at the boundary of the structure (Negi & Durgapal 2000) .
Earlier, Rhoades and Ruffini (1974) , without going into the details of the nuclear interactions, assumed that beyond a certain density 4.6 × 10 14 g cm −3 (the range of densities where no extrapolated EOS is known) the EOS in the core is given by the criterion that the speed of sound attains the speed of light, that is, (dP/dE) = 1, and matched the core to an envelope with the BPS (Baym, Pethick & Sutherland 1971 ) EOS and obtained an upper limit for the neutron star mass as 3.2M⊙ . Hartle (1978) emphasized that the maximum masses of neutron stars obtained in this manner in-volve a scale factor, k = [Em/10 14 g cm −3 ] −1/2 , such that, the matching density, Em , plays a sensitive role to obtain an upper bound on neutron star masses. Usually, k is taken to be equal to or greater than one in all the conventional models. For the densities less than Em , the matter composing the object is assumed to be known and unique. That is, the EOS of the envelope of these stars are chosen so that the 'abnormalities' in the sense mentioned above are removed. Friedman and Ipser (1987) calculated the masses of the neutron stars for different values of the matching densities using EOS given by BPS and NV (Negele & Vautherin 1973) , respectively, and concluded that the EOS chosen for the envelope does not make any significant difference in the results, because in each case the mass in the envelope turns out to be insignificant as compared to that of the core containing the most stiff material.
In order to implement this 'insignificant' mass of the envelope component, Crawford & Demiański (2003) have recently constructed the NS models for seven representative EOSs of dense nuclear matter by covering a range of NS masses. They have computed the 'fractional moment of inertia' of the core component which is defined as the glitch healing parameter, Q, in the starquake mechanism of glitch generation as
where I total represents the moment of inertia of the entire configuration. Their study shows that the much larger values of Q(≥ 0.7) for the Crab pulsar are fulfilled by all but the six EOSs considered in the study corresponding to a 'realistic' neutron star mass range 1.4 ± 0.2M⊙. On the other hand, for the much lower values of Q(≤ 0.2) corresponding to the case of the Vela pulsar, their models predict a NS mass ≤ 0.5M⊙ which is too low as compared to the 'realistic' NS mass range. Thus, their study concludes the 'starquake' as a feasible mechanism for glitch generation in the Crablike pulsars (corresponding to a larger value of Q) and the 'vortex unpinning', the another mechanism of glitch generation, suitable for the Vela-like pulsars (corresponding to a lower values of Q). However, it seems quite surprising that if the internal structure of NSs is supposed to be described by the same two-component conventional model, then why different kinds of glitch mechanisms are required to explain a glitch! This is the purpose of this study to provide an insight about a fundamental 'theorem' concerning the hydrostatic equilibrium of NS models (which was laking in the earlier studies) and to show that as soon as this theorem is implemented to an appropriate conventional NS sequence, the various shortcomings of the conventional NS models (as mentioned above) can be resolved.
REMOVAL OF ABNORMALITIES FROM THE STIFFEST EOS AND BOUNDARY CONDITIONS FOR NEUTRON STAR MODELS COMPATIBLE WITH HYDROSTATIC EQUILIBRIUM
In order to construct such an appropriate sequence of NS models, consistent with causality and dynamical stability, we offer here an entirely different approach to the whole problem which will not only remove the 'abnormalities' of the stiffest EOS (as discussed earlier in detail under section 1) but can also assure the necessary and sufficient condition of hydrostatic equilibrium for the resulting configuration. Since, as we would show later in section 3 that the M − R relations corresponding to the configurations (i) governed by the pure stiffest EOS, and (ii) those resulting from the removal of 'abnormalities' from the stiffest EOS (coreenvelope models), do not provide the necessary and sufficient condition of dynamical stability unless the 'compatibility criterion' (Negi & Durgapal 2001) which states that: "for each and every assigned value of σ[≡ (P0/E0) ≡ the ratio of central pressure to central energy-density], the compactness ratio u(≡ M/R) of the entire configuration should not exceed the compactness ratio, u h , of the corresponding homogeneous density sphere (that is, u ≤ u h )" is 'appropriately' satisfied by such configurations. The present approach is based on the 'theorem' applicable to a wide range of conventional NS sequences (including the core-envelope models) provided that every member of such sequences satisfies the condition (dP/dE)0 = 1 (here and elsewhere in the paper, the subscript '0' represents the value of the corresponding quantity at the centre of the configuration). This theorem asserts that in order to assure the necessary and sufficient condition of dynamical stability for the mass, the maximum stable value of u (corresponding to the case of first maxima among masses in the mass-radius (M − R) relation) and the corresponding central value of 'local' adiabatic index (Γ1)0(≡ [(P0 + E0)/P0](dP/dE)0) of such sequences must satisfy the inequalities, umax ≤ u max,abs ∼ = 0.3406 and (Γ1)0 ≤ (Γ1) 0,max,abs ∼ = 2.5946 respectively (Negi 2007) . In addition to the result of previous study regarding the 'compatibility criterion', we would show in the present study that "the M − R relation (or the masscentral density relation) corresponding to an equilibrium sequence provides the necessary and sufficient condition of dynamical stability only when the 'compatibility criterion' for the equilibrium sequence is also satisfied. But the fulfillment of the 'compatibility criterion' does not depend upon the fulfillment of the necessary and sufficient condition of dynamical stability provided by the M − R relation". The proof of this statement would explicitly show that the fulfillment of 'compatibility criterion' independently provides, in general, the necessary and sufficient condition of hydrostatic equilibrium for any sequence composed of regular configurations, since the first sentence of this statement has already been proved in the previous study for the equilibrium sequences of the type mentioned above (Negi 2007) .
In order to provide a proof of the last statement, the present paper deals with the construction of a four step consecutive study in the following manner
Step (1): We would construct the NS models corresponding to the pure stiffest EOS, dP/dE = 1, and show that the M − R relation corresponding to this sequence does not provide the necessary and sufficient condition of dynamical stability, since the 'compatibility criterion' can not be fulfilled by the equilibrium configurations corresponding to this 'abnormal' EOS.
Step (2): We would construct the NS sequences composed of core-envelope models by considering the stiffest EOS, dP/dE = 1, in the core and the EOS of classical polytrope, dlnP/dlnρ = Γ1 (where ρ is the density of the rest-mass and Γ1 is the constant adiabatic index; see, e.g. Tooper 1965) , in the envelope (so that each member of these sequences satisfy the extreme case of causality condition, v = c = 1, at the centre) for an 'arbitrarily' assigned value of pressure to density ratio, (P b /E b ) = (P b /E b )1 (say), at the core-envelope boundary. Though this procedure removes the 'abnormalities' from the stiffest EOS, but as we would show later in sec.3 that the M − R relation corresponding to the NS models with an envelope Γ1 = 5/3 and 2, do not provide the necessary and sufficient condition of dynamical stability, since the 'compatibility criterion' remains unsatisfied by various stable (as well as unstable) models corresponding to the said sequences.
Step (3): In this sub-section we would re-construct the NS sequence composed of core-envelope models as described in step (2) for the same boundary value of (P b /E b )1. But instead of the constant Γ1 = 5/3 and 2, the constant Γ1 = 4/3 would be used for the envelope. We would show that although the 'compatibility criterion' is satisfied by all stable (as well as unstable) models comprising the sequence but still, the M − R relation does not provide the necessary and sufficient condition of dynamical stability, since the 'compatibility criterion' is not 'appropriately' satisfied by the equilibrium configurations.
Step (4): We would re-construct the NS sequences described in steps (2) and (3) respectively for an 'appropriate' boundary value of (P b /E b ) = (P b /E b )2 (say). Since for this particular value of (P b /E b ), The 'compatibility criterion' turns out to be 'appropriately' satisfied by all the equilibrium sequences corresponding to an envelope with Γ1 = 4/3, 5/3 and 2 respectively, it would follow that the M −R relation does provide the necessary and sufficient condition of dynamical stability for the said sequences [the value (P b /E b )2 corresponds to the minimum value of (P b /E b ) for which the M − R relation fulfills the necessary and sufficient condition of dynamical stability for the equilibrium sequence corresponding to NS models with an envelope Γ1 = 2. Since the value (P b /E b )2 turns out to be greater than (P b /E b )1, it follows, therefore, that this particular value (P b /E b )2 would guarantee the automatic fulfillment of the 'compatibility criterion' for all the sequences corresponding to NS models with an envelope Γ1 = 4/3, 5/3 and 2 respectively, together with fulfilling the necessary and sufficient condition of dynamical stability provided by the M − R relation. This condition is termed as the 'appropriate' fulfillment of 'compatibility criterion '.] .
The methodology regarding the construction of various models mentioned in steps (1) -(4) above and the important outcome emerging thereafter are discussed in the following section.
The assignment of different values of Γ1 between the range (4/3) and 2 in the envelope of NS models discussed under step (2) to step (4) above follows from the fact that (4/3) represents the EOS of ultrarelativistic degenerate electrons and non-relativistic nuclei (Chandrasekhar 1935) or of relativistic degenerate neutron gas (Zeldovich & Novikov 1978) . (5/3) corresponds to the well known EOS of non-relativistic degenerate neutrons gas (Oppenheimer & Volkoff 1939 ) and Γ1 = 2 represents the case of extreme relativistic baryons interacting through vector meson field (Zeldovich 1962) [The value of Γ1 > 2 is also possible for some EOS, e.g., Malone, Johnson & Bethe (1975) ; Clark, Heintzmann & Grewing (1971) , however, the results obtained in this paper do not get affected by choosing Γ1 > 2]. The various values of Γ1 chosen in this range (4/3 ≤ Γ1 ≤ 2) can cover almost all of the nuclear EOS discussed in the literature (and, therefore, it can cover almost full range of nuclear density which might be applicable for the envelope region as well), and in our opinion, it could be more appropriate to choose an average (constant) value of Γ1 for a conventional NS model, instead of going into the details of the density range below E b specified by different EOS [for example, BPS, NV, or FPS (Lorenz, Ravenhall & Pethick 1993) ] which are frequently used by various authors in the conventional models of neutron stars in-spite of their uncertainty (Friedman & Ipser 1987; Dolan 1992) as mentioned earlier. The EOS of classical polytrope for the said Γ1 values, considered in the present study, will not only simplify the procedure but also provide necessary insight regarding the suitability of the EOS for the envelope region, since this study yields the important finding that the stable sequences of neutron star models terminate at the same value of maximum mass independent of the EOS of the envelope.
METHODOLOGY AND DISCUSSION
The metric for spherically symmetric and static configurations can be written in the following form (remembering that we are using geometrized units, i.e. G = c = 1; where G and c represent respectively, the universal constant of gravitation and the speed of light in vacuum)
where ν and λ are functions of r alone. The OppenheimerVolkoff (O-V) equations (Oppenheimer & Volkoff 1939) , resulting from Einstein's field equations, for systems with isotropic pressure P and energy-density E can be written as
where m(r) = r 0 4πEr 2 dr is the mass, contained within the radius r, and the prime denotes radial derivative.
In order to solve equations (3) -(5) for different models considered in the present study, we consider the stiffest EOS
for the entire configuration (or for the core region), and the EOS of classical polytrope dlnP dlnρ = Γ1 (7) for the envelope region respectively. For core-envelope models, the fractional moment of inertia (given by equation (1)) may be calculated by using an approximate but very precise empirical formula which is based on 30 theoretical EOSs of dense nuclear matter. For NS models, the formula yields in the following form (Bejger & Haensel 2002 ) Figure 1 . The mass-radius diagram of the models corresponding to the stiffest EOS, P = (E − Es), (as discussed in the text (step 1, sections 2 and 3)) for an assigned value of the density Es = 2.7 × 10 14 g cm −3 at the surface. The models do not fulfill the 'compatibility criterion' as shown in Table 1 . Also, the mass-radius diagram does not provide the necessary and sufficient condition of dynamical stability because the inequalities, (Γ 1 ) 0 ≤ 2.5946 and umax ≤ 0.3406, are not fulfilled simultaneously at the maximum value of mass as shown in Table 1 .
where x is the compactness parameter measured in units of [M⊙(km)/km], i.e.
In accordance with the four step consecutive study mentioned in the last section, we construct different models in the following manner Models mentioned in step (1): The coupled equations (3 -5) are solved for the EOS given by equation (6) until pressure vanishes at the surface of the configuration for a fiduciary choice of Es = 2.7×10 14 g cm −3 , the nuclear saturation density. At the surface, r = R, we obtain P = 0, E = Es, m(r = R) = M, e ν = e −λ = (1 − 2M/R) = (1 − 2u). The results of the calculations are shown in Table 1 and the M − R diagram is presented in Fig.1 . It follows from Table  1 that along the stable branch of the sequence, the maximum value of mass corresponds to the maximum 'stable' value of umax ≃ 0.3539 and the corresponding 'local' value of (Γ1)0 ≃ 2.4990. Although, this value of (Γ1)0 turns out to be consistent with that of the absolute upper bound on (Γ1)0((Γ1) 0,max,abs ∼ = 2.5946), the maximum 'stable' value of umax ≃ 0.3539 is found to be inconsistent with that of the absolute upper bound on umax(u max,abs ∼ = 0.3406). Thus the configuration turns out to be inconsistent with the corollary 1 of Theorem 2 (Negi 2007 ). It follows, therefore, that the M − R relation corresponding to the stiffest EOS does not (2) and (3), sections 2 and 3) for an assigned value of matching density E = E b = 2.7 × 10 14 g cm −3 at the core-envelope boundary. The labels a, b and c represent the models for an envelope with Γ 1 = (4/3), (5/3), and 2 respectively. The value of the ratio of pressure to energy-density,
, at the core envelope boundary is assigned in such a manner that the 'compatibility criterion' has become satisfied by all the models corresponding to an envelope with Γ 1 = 4/3, whereas it remains unsatisfied by various models corresponding to an envelope with Γ 1 = 5/3 and 2 respectively as shown in Table 3 . Since, the 'compatibility criterion' has not been satisfied 'appropriately' by the models corresponding to an envelope with Γ 1 = 4/3 (and has not been satisfied by various models corresponding to an envelope with Γ 1 = 5/3 and 2), the M − R relation does not provide the necessary and sufficient condition of dynamical stability for any sequence as shown in Table  2 .
provide the necessary and sufficient condition of dynamical stability for the equilibrium configurations. Since, the total mass 'M ' which appears here does not fulfill the definition of the 'actual mass' which should be present in the exterior Schwarzschild solution (Negi 2004; , the equilibrium sequence corresponding to the pure stiffest EOS, therefore, does not even fulfill the necessary condition of hydrostatic equilibrium (Negi 2007) , as a result the 'compatibility criterion' can not be made satisfied by such configurations. This is also evident from the comparison of column 2 and 6 of Table 1 that for each assigned value of (P0/E0), u stff > u h . Models mentioned in step (2): The coupled equations (3 -5) are solved by considering equation (6) in the core (0 ≤ r ≤ b) and equation (7) in the envelope (b ≤ r ≤ R) for the constant Γ1 = 5/3 and 2 respectively, until the boundary conditions: P = E = 0, m(r = R) = M, e ν = e −λ = (1 − 2M/R) = (1 − 2u) are reached at the surface, r = R, of the configuration. Equation (8) is also used together with equations (3 -5) to calculate the fractional mo- Tables 2 and 3 and shown in Figure 2 . The labels a, b and c denote the models for an envelope with Γ 1 = (4/3), (5/3), and 2 respectively. ment of inertia given by equation (1) and the moment of inertia of the entire core-envelope model considered in the present section. The calculations are performed for a fiduciary choice of the boundary density, E b = 2.7 × 10 14 g cm −3 , and for an 'arbitrarily' assigned value of the ratio of pressure to energy-density at the core-envelope boundary,
The results of the calculations are summarized in Tables 2 -3 (indicated with a superscript 'b' for the Γ1 = 5/3 and 'c' for the Γ1 = 2 envelope models) and the M −R diagram is shown in Fig.2 (label 'b' for the Γ1 = 5/3 and 'c' for the Γ1 = 2 envelope models). Though, the construction of such core-envelope models appropriately fulfill the definition of the 'actual mass' appearing in the exterior Schwarzschild solution (Negi 2007) , the choice of (P b /E b ) = (P b /E b )1, however, yields the sequences (corresponding to NS models with an envelope Γ1 = 5/3 and 2 respectively) which fulfill only the necessary (but not sufficient) condition of hydrostatic equilibrium, since the 'compatibility criterion' remains unsatisfied by such sequences as shown in Table 3 . From the Table 2 , we find that at the maximum mass values along the stable branch of the sequences, the sequence composed of NS models with an envelope Γ1 = 5/3 yields umax ≃ 0.3493 and the corresponding value of (Γ1)0 ≃ 2.4984, whereas the sequence composed of NS models with an envelope Γ1 = 2 yields umax ≃ 0.3509 and the corresponding value of (Γ1)0 ≃ 2.4984 respectively. Both pairs of these values are, however, found to be inconsistent with that of the pair of absolute upper bounds u max,abs ( ∼ = 0.3406) and (Γ1) 0,max,abs ( ∼ = 2.5946) respectively. It follows, therefore, that the M − R relation corresponding to the sequences (composed of NS models with an envelope Γ1 = 5/3 and 2 respectively) does not provide the necessary and sufficient condition of dynamical stability as shown in Fig.2 . Tables 2 -3 and Fig.3 show that the range of fractional moment of inertia, 0.652 ≤ Q ≤ 0.948, corresponding to the 'stable' models (with an envelope Γ1 = 5/3 and 2 respectively) possesses the NS masses in the range 1.35M⊙ ≤ M ≤ 4.1M⊙. This feature is consistent with those of the conventional models discussed in the literature and can explain only the higher values of the glitch healing parameter observed for the Crab-like pulsars. However, for the minimum weighted mean value of Q ≃ 0.7 corresponding to the Crab pulsar, we obtain from Fig.3 , the minimum masses M b ≃ 1.6M⊙ and Mc ≃ 1.44M⊙ for the Crab pulsar.
Models mentioned in step (3): In order to construct core-envelope models corresponding to the constant Γ1 = 4/3 for the envelope, we use equation (7) for the envelope (b ≤ r ≤ R) and equation (6) for the core (0 ≤ r ≤ b) and solve equations (3 -5) together with equation (8) for the same boundary conditions mentioned in the last sub-section (step (2)) for the surface and the core-envelope boundary, viz. E b = 2.7 × 10 14 g cm −3 , and
−2 respectively. The various parameters obtained for this model are indicated with a superscript 'a' in Tables 2 and 3 respectively, and the M −R diagram (marked with label 'a') is presented in Fig.2 . Table 3 shows that although the 'compatibility criterion' is satisfied by all members of the sequence corresponding to NS models with an envelope Γ1 = 4/3 for the choice of the boundary condition (P b /E b ) = (P b /E b )1, this choice, however, does not appear to be 'appropriate' because at the maximum value of mass along the stable branch of the sequence in the mass-radius relation, the model yields the maximum value of u(umax) ≃ 0.3444 and the corresponding value of (Γ1)0 ≃ 2.4984 as shown in Table 2 . These values, however, show inconsistency with that of the pair of absolute upper bounds, u max,abs ( ∼ = 0.3406) and (Γ1) 0,max,abs ( ∼ = 2.5946), respectively. It follows from this result that the necessary and sufficient condition of dynamical stability (provided by the M − R relation) may remain unsatisfied even when all members of the sequence do satisfy the 'compatibility criterion'.
Tables 2 -3 and Fig.3 also indicate that the range of fractional moment of inertia, 0.558 ≤ Q ≤ 0.922, for the 'stable' sequence corresponding to the Γ1 = 4/3 envelope model provides the masses of NS models in the range, 1.36M⊙ ≤ M ≤ 4.1M⊙. These higher values of the glitch healing parameter are consistent only with those the Crablike pulsars as discussed in the last sub-section (step 2). However, for the minimum value of Q ≃ 0.7, Fig.3 yields the minimum mass Mc ≃ 2.03M⊙ for the Crab pulsar.
Models mentioned in step (4): We re-construct the NS sequences (composed of core-envelope models), those described in the last two sub-sections (steps (2) and (3) respectively), but for an 'appropriate' value of (P b /E b ) = (P b /E b )2 = 4.694 × 10 −2 . The results of the calculations are summarized in Tables 4 -5 and the M − R diagram is shown in Fig.4 . The superscripts 'a', 'b' and 'c' which appear among various parameters in these tables, represent the models with an envelope Γ1 = 4/3, 5/3 and 2 respectively. The M − R diagram is also labeled in the similar fashion. The value (P b /E b )2, in fact, represents the minimum value of (P b /E b ) for which all the sequences, corresponding to NS Figure 4 . The mass-radius diagram of the models as discussed in the text (step 4, sections 2 and 3) for an assigned value of matching density E = E b = 2.7 × 10 14 g cm −3 at the coreenvelope boundary. The labels a, b and c represent the models for an envelope with Γ 1 = (4/3), (5/3), and 2 respectively. The value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 2 = 4.694 × 10 −2 , at the core envelope boundary is obtained in such a manner that the 'compatibility criterion' is 'appropriately' satisfied by all the models corresponding to an envelope with Γ 1 = 4/3, 5/3 and 2 respectively, as shown in Table  5 . That is, the necessary and sufficient condition of dynamical stability provided by the M − R relation is also satisfied together with satisfying the 'compatibility criterion' as shown in Table 4 . models with an envelope Γ1 = 4/3, 5/3 and 2 respectively, fulfill the necessary and sufficient condition of dynamical stability provided by the M − R relation. Since the value (P b /E b )2 > (P b /E b )1, it follows that the 'compatibility criterion' would automatically be satisfied by all the sequences corresponding to NS models with an envelope Γ1 = 4/3, 5/3 and 2 respectively. This is evident from the Tables 4 and 5 respectively. A comparison of column 2 with those of column 3, 4 and 5 of Table 5 show that the 'compatibility criterion' is 'appropriately' satisfied by all the sequences. Table  4 shows that at the maximum values of mass along the stable branch of the sequences, the models corresponding to an envelope with Γ1 = 4/3, 5/3 and 2 yield the maximum values of u(umas) ≃ 0.3044, 0.3324 and 0.3404 respectively for the same value of (Γ1)0 ≃ 2.4955 . Evidently, these values are consistent with those of the absolute upper bounds u max,abs ( ∼ = 0.3406) and (Γ1) 0,max,abs ( ∼ = 2.5946) respectively.
Tables 4 -5 and Fig.5 show that the ranges of fractional moment of inertia, 0.069 ≤ Q ≤ 0.779, obtained for the stable sequences corresponding to the Γ1 = 5/3 and 2 envelope models have masses in the range, 1.48M⊙ ≤ M ≤ 4.2M⊙. Obviously, these ranges are capable of fulfilling the higher as well as lower values of the glitch healing parameter cor- responding to the case of the Crab and the Vela-like pulsars respectively. For the maximum weighted mean value of Q ≃ 0.2 corresponding to the Vela pulsar, Fig.5 yields the maximum masses M b ≃ 2.06M⊙ and Mc ≃ 1.85M⊙ for the Vela pulsar, whereas for the minimum weighted mean value of Q ≃ 0.7, the models yield the minimum masses M b ≃ 4.1M⊙ and Mc ≃ 3.98M⊙ for the Crab pulsar respectively. It also follows from the Tables 4 -5 and Fig.5 that for the stable range of fractional moment of inertia, 0.016 ≤ Q ≤ 0.655, corresponding to the Γ1 = 4/3 envelope models, the NSs can have masses in the range, 1.79M⊙ ≤ M ≤ 4.2M⊙. For the maximum weighted mean value of Q ≃ 0.2, Fig.5 yields the maximum mass Mc ≃ 2.67M⊙ for the Vela pulsar, however the minimum weighted mean value, Q ≃ 0.7, corresponds to the minimum mass, Ma ≈ 3.98M⊙, for the Crab pulsar which lies in the unstable branch of Fig.5 .
The important conclusions emerge from the four step study and discussion presented above may be summarized in the following manner:
(1) Steps (1), (2) and (4) show that the M − R relation provides the necessary and sufficient condition of dynamical stability only when the 'compatibility criterion' for the equilibrium configurations is satisfied. Without satisfying the 'compatibility criterion', the M − R relation can not provide the necessary and sufficient condition of dynamical stability.
(2) The inclusion of step (3), however, modifies the above conclusion in the following statement: The M − R relation provides the necessary and sufficient condition of dynamical stability only when the 'compatibility criterion' is 'appropriately' satisfied. Thus, the necessary and suffi- Figure 6 . Fractional moment of inertia Q(≡ Icore/I total ) vs. total mass M for the models as discussed in the text (step 4, section 2 and 3) for a calculated value of matching density E = E b = 7.0794 × 10 14 g cm −3 at the core-envelope boundary. The labels a, b and c represent the models for an envelope with Γ 1 = (4/3), (5/3), and 2 respectively. The value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 2 = 4.694 × 10 −2 , at the core envelope boundary is obtained in such a manner that the 'compatibility criterion' is 'appropriately' satisfied for all the models corresponding to an envelope with Γ 1 = 4/3, 5/3 and 2 respectively (in the same manner as shown in Table 5 for the matching density E = E b = 2.7 × 10 14 g cm −3 at the coreenvelope boundary). That is, the necessary and sufficient condition of dynamical stability provided by the M − R relation is also satisfied together with satisfying the 'compatibility criterion' (in the same manner as shown in Table 4 for the matching density E = E b = 2.7 × 10 14 g cm −3 at the core-envelope boundary). cient condition provided by the M − R relation is totally dependent on the 'appropriate' fulfillment of 'compatibility criterion'. On the other hand, the fulfillment of 'compatibility criterion' is quite independent of the fulfillment of necessary and sufficient condition of dynamical stability provided by the M − R relation, because the 'compatibility criterion' can be made satisfied even without fulfilling the necessary and sufficient condition of dynamical stability provided by the M − R relation. Since, the fulfillment of the 'compatibility criterion' alone is a measure of the fulfillment of necessary and sufficient condition of hydrostatic equilibrium for any static and spherical configuration (Negi 2007) , it follows from the above discussion that the fulfillment of the 'compatibility criterion' alone, independently provides, in general, the necessary and sufficient condition of hydrostatic equilibrium for any sequence composed of regular, static and spherical configurations.
RESULTS AND CONCLUSIONS
We have investigated that the mass-radius relation corresponding to the stiffest equation of state does not provide the necessary and sufficient condition of dynamical stability because at the maximum value of mass along the massradius relation, the pair of the maximum 'stable' value of compactness, umax ≃ 0.3539, and the corresponding central value of the 'local' adiabatic index, (Γ1)0 ≃ 2.4990, turns out to be inconsistent with that of the pair of absolute values, u max,abs ∼ = 0.3406, and (Γ1) 0,max,abs ∼ = 2.5946, compatible with the structure of general relativity, causality, and dynamical stability. The reason behind this inconsistency lies in the fact that the 'compatibility criterion' (Negi and Durgapal 2001) can not be fulfilled by any of the sequence, composed of regular configurations corresponding to a single EOS with finite (non-zero) values of surface and central density (Negi 2004; .
We have further constructed the sequences composed of core-envelope models such that, like the stiffest EOS, each member of these sequences satisfy the extreme case of causality condition, v = c = 1, at the centre by considering the stiffest equation of state in the core and a polytropic equation with the constant adiabatic index Γ1 = [dlnP/dlnρ] in the envelope and investigated the resulting configurations on the basis of the 'compatibility criterion' and the mass-radius relation for different values of Γ1 = 4/3, 5/3 and 2. Together with the finding corresponding to the case of stiffest EOS mentioned above, the investigation of the said sequences of the core-envelope models explicitly show that the mass-radius relation corresponding to the said sequences can provide the necessary and sufficient condition of dynamical stability only when the 'compatibility criterion' for the sequences in 'appropriately' satisfied. However, the fulfillment of 'compatibility criterion' can remain satisfied even when the mass-radius relation does not provide the necessary and sufficient condition of dynamical stability for the equilibrium configurations.
In continuation to the results of previous study (Negi 2007) , these results explicitly show that the 'compatibility criterion' independently provides, in general, the necessary and sufficient condition of hydrostatic equilibrium for any regular sequence.
The causal sequences of NS models constructed in the present study (which fulfill the necessary and sufficient condition of hydrostatic equilibrium and dynamical stability simultaneously) terminate at the same value of maximum mass, Mmax ≈ 4.2M⊙ (for E b = 2.7 × 10 14 g cm −3 ), independent of the EOS of the envelope. However, the maximum compactness, umax ≃ 0.3404, yields for the sequence corresponding to the Γ1 = 2 envelope models. While for the the same value of transition density E b = 2.7 × 10 14 g cm −3 at the core-envelope boundary, this upper bound on NS mass found to be fully consistent with those of the models formulated with the advance nuclear theory (Kalogera & Baym 1996) , the Γ1 = 2 envelope model indicates the appropriateness of the (average) value of Γ1 for the entire envelope.
Beside its fundamental feature, this study also underlines the importance of the applicability of 'compatibility criterion' to the conventional models of NSs. Since, we find that when the 'compatibility criterion' is not satisfied (for the case of the models corresponding to an envelope with Γ1 = 5/3 and 2, if the ratio of pressure to energy-density at the core-envelope boundary, P b /E b , is 'arbitrarily' assigned to be about 1.0645 × 10 −2 ) or not 'appropriately' satisfied (for the case of the models corresponding to an envelope with Γ1 = 4/3, if P b /E b ≃ 1.0645 × 10 −2 ) by the sequences, the corresponding range of the glitch healing parameter turns out to be 0.558 ≤ Q ≤ 0.948. This feature is consistent with the other conventional NS models discussed in the literature and can explain only the higher values of Q on the basis of starquake model of glitch generation for the Crab-like pulsars. For the minimum weighted mean value of Q ≃ 0.7, our models (corresponding to an envelope with Γ1 = 2, 5/3 and 4/3 respectively) yield the minimum masses Mc ≃ 1.44M⊙, M b ≃ 1.6M⊙ and Ma ≃ 2.03M⊙ for the Crab pulsar. Among these values, the first two values are comparable with those of the minimum values 1.35M⊙ and 1.65M⊙ obtained by Crawford and Demiański (2003) by using the GWM (Glendenning, Weber, & Moszkowski 1992) and HKP (Haensel, Kutschera, & Proszynski 1981) EOSs. Whereas, corresponding to Q ≃ 0.7, the other five EOSs of the dense nuclear matter considered by Crawford and Demiański (2003) yield the minimum mass M < 1M⊙ for the Crab pulsar (see, e.g. Crawford and Demiański 2003; and references therein) . However for the maximum weighted mean value of Q ≃ 0.2 corresponding to the Vela pulsar, our models also yield the unrealistically small mass values for the Vela pulsar together with the other models discussed in the literature (Crawford and Demiański 2003) .
On the other hand, as soon as the 'compatibility criterion' is 'appropriately' satisfied by all the models corresponding to an envelope with Γ1 = 4/3, 5/3 and 2 respectively (that is, if the ratio of pressure to energy-density at the core-envelope boundary, P b /E b , is set (and not 'arbitrarily' assigned) to be about 4.694×10 −2 for all the sequences), the corresponding range of the glitch healing parameter turns out to be 0.016 ≤ Q ≤ 0.779. This range, however, can explain both (the higher as well as lower) values of Q on the basis of starquake model of glitch generation for the Crab, as well as for the Vela-like pulsars. The sequences corresponding to an envelope with Γ1 = 5/3 and 2 yield the maximum masses M b ≃ 2.06M⊙, Mc ≃ 1.85M⊙ for the Vela (Q ≃ 0.2) and the minimum masses M b ≃ 4.1M⊙, Mc ≃ 3.98M⊙ for the Crab (Q ≃ 0.7) pulsar respectively. The sequence corresponding to an envelope with Γ1 = 4/3, however, yields the maximum mass Ma ≃ 2.67M⊙ for the Vela pulsar (Q ≃ 0.2) but it does not provide the minimum stable mass for the Crab pulsar as soon as the constraint of Q ≥ 0.7 is imposed.
The higher mass values mentioned in the last paragraph for the Crab pulsar seem to be unlikely, since none of the observational and/or the theoretical study predict such higher mass values for the Crab pulsar. Thus, unlike the results of steps 2 -3 (section 3) which deal with the study of NS models without implementing the 'appropriate' fulfillment of 'compatibility criterion', the implementation of the 'appropriate' fulfillment of 'compatibility criterion' also reveals that in order to construct a 'realistic' NS sequence composed of NS masses comparable with those of the observations, we have to modify the value of matching density at the coreenvelope boundary. In view of the modern EOSs of dense nuclear matter, the upper bound on NS mass compatible with causality and dynamical stability can reach up to a value as large as 2.2M⊙, since among the variety of modern EOSs discussed in the literature only the following EOSs yield the maximum mass of NS model in excess of 2M⊙: SLy (Douchin & Haensel 2001 ) EOS, Mmax = 2.05M⊙; BGN1 (Balberg & Gal 1997 ) EOS, Mmax = 2.18M⊙; and APR (Akmal et. al. 1998 ) EOS, Mmax = 2.21M⊙ (see, e.g. Haensel et al 2006) . However, on the basis of other modern EOSs for NS matter, fitted to experimental nucleon-nucleon scattering data and the properties of light nuclei, Kalogera & Baym (1996; and references therein) have also shown that the lowest possible upper bound on NS mass, compatible with causality and dynamical stability, corresponds to the value of 2.2M⊙ which can exceed up to a value as large as 2.9M⊙. Considering their mean ∼ 2.6M⊙ as the most likely recent value to the upper bound on NS masses and substituting this value as an upper bound to our models mentioned in step 4 of section 3, we obtain the 'appropriate' value of matching density E b = 7.0794 × 10 14 g cm −3 at the core-envelope boundary. On the basis of this density, our reconstructed sequences (corresponding to an envelope with Γ1 = 5/3 and 2 respectively) yield the maximum masses M b ≃ 1.28M⊙, Mc ≃ 1.14M⊙ for the Vela (Q ≃ 0.2) and the minimum masses M b ≃ 2.53M⊙, Mc ≃ 2.45M⊙ for the Crab (Q ≃ 0.7) pulsar as shown in Fig.6 . The sequence corresponding to an envelope with Γ1 = 4/3, however, yields the maximum mass Ma ≃ 1.66M⊙ for the Vela pulsar (Q ≃ 0.2) but as shown in Fig.6 , the minimum mass of the Crab pulsar (Ma ≈ 2.46M⊙) belongs to the unstable branch of the sequence as soon as the constraint of Q ≥ 0.7 is imposed. Obviously, the other conclusions of the present study, drawn on the basis of assigning the fiduciary density E b = 2.7×10 14 g cm −3 at the boundary will remain unaltered.
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The author gratefully acknowledges Prof. M. C. Durgapal for his valuable advice and discussion and the referee for his helpful comments and suggestion that improved the manuscript. The Aryabhatta Research Institute of Observational Sciences (ARIES), Nainital is gratefully acknowledged for providing library and computer-centre facilities. Table 1 . Mass (M ), size (R), compactness ratio (u stff ≡ M/R) and the central value of the 'local' adiabatic index (Γ 1 ) 0 of the configuration for various values of the ratio of central pressure to central energy-density (P 0 /E 0 ) as obtained by assigning a fiduciary value of the density at the surface, Es = 2.7 × 10 14 g cm −3 , for the stiffest EOS, P = (E − Es). It is seen that for each assigned value of P 0 /E 0 , the inequality, u stff ≤ u h (where u h represents the corresponding value of the compactness ratio for the homogeneous density distribution shown in column 2) always remains unsatisfied. The slanted values correspond to the limiting case upto which the configuration remains pulsationally 'stable'. Table 2 . Mass (M ), size (R), compactness ratio (u ≡ M/R), and the 'local' value of adiabatic index at the centre, (Γ 1 ) 0 , for different values of the ratio of central pressure to central energy-density, (P 0 /E 0 ), for the core-envelope models discussed in the text (steps (2) and (3), section 3). Various parameters are obtained by assigning a fiduciary value of E b = 2.7 × 10 14 g cm −3 for an assigned value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 1 ≃ 1.0645 × 10 −2 , at the core-envelope boundary. The superscripts a, b, and c which appear among various parameters represent the models corresponding to an envelope with Γ 1 = 4/3, 5/3, and 2 respectively.
The slanted values correspond to the limiting case upto which the configurations remain pulsationally 'stable'. It is seen that the M − R relation does not provide the necessary and sufficient condition of dynamical stability for any of the sequence, since none of the sequences satisfy both of the inequalities, viz. umax ≤ 0.3406 and (Γ 1 ) 0 ≤ 2.5946, simultaneously at the maximum value of mass. Although, all members of the sequence corresponding to an envelope with Γ 1 = 4/3 fulfill the 'compatibility criterion', u ≤ u h (where u h represents the compactness ratio of homogeneous density sphere for the corresponding value of P 0 /E 0 ) without fulfilling the necessary and sufficient condition of dynamical stability provided by the M − R relation, various members in the stable (as well as unstable) branch of the sequences corresponding to an envelope with Γ 1 = 5/3 and 2 do not fulfill the 'compatibility criterion' together with the last condition provided by the M − R relation as shown in Table 3 . Thus, the assigned value of (P b /E b ) = (P b /E b ) 1 ≃ 1.0645 × 10 −2 corresponds to the minimum value for which the 'compatibility criterion', in fact, is not 'appropriately' satisfied by the sequence corresponding to an envelope with Γ 1 = 4/3 as discussed in step (3) of section 3. Table 3 . Compactness ratio, u(≡ M/R), and the fractional moment of inertia, Q(≡ Icore/I total) , for different values of the ratio of pressure to energy-density, (P 0 /E 0 ), at the centre for the models presented in Table 2 . For each value of (P 0 /E 0 ), the compactness ratio of homogeneous density sphere, u h , is shown in column 2. Various parameters are obtained by assigning a fiduciary value of E b = 2.7 × 10 14 g cm −3 for an assigned value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 1 ≃ 1.0645 × 10 −2 , at the core-envelope boundary. The superscripts a, b, and c which appear among various parameters represent the models corresponding to an envelope with Γ 1 = 4/3, 5/3, and 2 respectively. The slanted values correspond to the limiting case upto which the configurations remain pulsationally 'stable'. It is seen that for an assigned value of (P 0 /E 0 ) the inequality, u ≤ u h , is always satisfied (but not 'appropriately' satisfied, cf. the caption of Table 2 ) by all members of the sequence corresponding to an envelope with Γ 1 = 4/3, whereas it remains unsatisfied by various members in the stable (as well as unstable) branch of the sequences corresponding to an envelope with Γ 1 = 5/3 and 2 respectively. It follows from this table that the choice of P b /E b (≃ 1.0645 × 10 −2 ; in the present context, for example) can provide a suitable explanation only for the higher values of the glitch healing parameter Q in the range, 0.558 ≤ Q ≤ 0.948 (in the present context, for example), on the basis of the starquake mechanism of glitch generation as shown in Fig.3 . Table 4 . Mass (M ), size (R), compactness ratio (u ≡ M/R), and the 'local' value of adiabatic index at the centre, (Γ 1 ) 0 , for different values of the ratio of central pressure to central energy-density, (P 0 /E 0 ), for the core-envelope models discussed in the text (step (4), section 3). Various parameters are obtained by assigning a fiduciary value of E b = 2.7 × 10 14 g cm −3 and for an 'appropriate' value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 2 ≃ 4.694 × 10 −2 , at the core-envelope boundary. The superscripts a, b, and c which appear among various parameters represent the models corresponding to an envelope with Γ 1 = 4/3, 5/3, and 2 respectively. The slanted values correspond to the limiting case upto which the configurations remain pulsationally stable. It is seen that the M − R relation does provide the necessary and sufficient condition of dynamical stability for all of the sequences, since all of the sequences satisfy both of the inequalities, viz. umax ≤ 0.3406 and (Γ 1 ) 0 ≤ 2.5946, simultaneously at the maximum value of mass. Because all members of the sequences corresponding to an envelope with Γ 1 = 4/3, 5/3 and 2 fulfill the 'compatibility criterion', u ≤ u h (where u h represents the compactness ratio of homogeneous density sphere for the corresponding value of P 0 /E 0 ), together with fulfilling the necessary and sufficient condition of dynamical stability provided by the M − R relation, it follows, therefore, that the assigned value of (P b /E b ) = (P b /E b ) 2 ≃ 4.694 × 10 −2 corresponds to the minimum value for which the 'compatibility criterion' is 'appropriately' satisfied by all the sequences corresponding to NS models with an envelope Γ 1 = 4/3, 5/3 and 2 respectively as discussed in step (4) of section 3. Table 5 . Compactness ratio, u(≡ M/R), and the fractional moment of inertia, Q(≡ Icore/I total) , for different values of the ratio of pressure to energy-density, (P 0 /E 0 ), at the centre for the models presented in Table 4 . For each value of (P 0 /E 0 ), the compactness ratio of homogeneous density sphere, u h , is shown in column 2. Various parameters are obtained by assigning a fiduciary value of E b = 2.7 × 10 14 g cm −3 and for an 'appropriate' value of the ratio of pressure to energy-density, (P b /E b ) = (P b /E b ) 2 ≃ 4.694 × 10 −2 , at the core-envelope boundary. The superscripts a, b, and c which appear among various parameters represent the models corresponding to an envelope with Γ 1 = 4/3, 5/3, and 2 respectively. The slanted values correspond to the limiting case upto which the configurations remain pulsationally stable. It is seen that for an assigned value of (P 0 /E 0 ), the inequality, u ≤ u h , is 'appropriately' satisfied by all members of the sequences corresponding to an envelope with Γ 1 = 4/3, 5/3 and 2 respectively. It follows from this table that the 'appropriate' choice of P b /E b (≃ 4.694 × 10 −2 ; in the present context, for example) can provide a suitable explanation for both (the higher as well as lower) values of the glitch healing parameter Q in the range, 0.016 ≤ Q ≤ 0.779 (in the present context, for example), on the basis of the starquake mechanism of glitch generation as shown in Fig.5 . 
